In the present paper, the ultrasonic strain sensing performance of large-area piezoceramic coating with Inter Digital Transducer (IDT) electrodes is studied. The piezoceramic coating is prepared using slurry coating technique and the piezoelectric phase is achieved by poling under DC field. To study the sensing performance of the piezoceramic coating with IDT electrodes for strain induced by the guided waves, the piezoceramic coating is fabricated on the surface of a beam specimen at one end and the ultrasonic guided waves are launched with a piezoelectric wafer bonded on another end. Often a wider frequency band of operation is needed for the effective implementation of the sensors in the Structural Health Monitoring (SHM) of various structures, for different types of damages. A wider frequency band of operation is achieved in the present study by considering the variation in the number of IDT electrodes in the contribution of voltage for the induced dynamic strain. In the present work, the fabricated piezoceramic coatings with IDT electrodes have been characterized for dynamic strain sensing applications using guided wave technique at various different frequencies. Strain levels of the launched guided wave are varied by varying the magnitude of the input voltage sent to the actuator. Sensitivity variation with the variation in the strain levels of guided wave is studied for the combination of different number of IDT electrodes. Piezoelectric coefficient 11 e is determined at different frequencies and at different strain levels using the guided wave technique.
INTRODUCTION
Piezoelectric materials are used for sensing strain, temperature and electronic charge/discharge. Various crystals, ceramics, polymers and other materials exhibit the piezoelectric effect. Piezo ceramic materials like Lead Zirconate Titanate (PZT) and Bariun Titanate (BaTiO 3 ) show strong piezoelectric effect as compared to crystals such as Quartz and Berlinite (AlPO 4 ) 1, 2 . Piezoceramic materials are also superior compared piezo-polymer materials like PVDF 3 due to better sustainability at relatively high temperatures above 200 o C. Piezoceramic materials are used quite extensively in actuation 3 . Various types of piezoceramic materials are manufactured and characterized for applications like medical imageing 4 , therapeutic transducer 5 and IDT 6 . There is a growing trend in the use of piezoceramics in machinerys like printers, motors 7 , air and water borne ultrasonic transducers 8, 9 . Piezoceramic materials are suitable for high frequency and high temperature applications 10 and they have been incorporated in SHM applications [11] [12] [13] in the form of Piezo Electric Wafer Active Sensors (PWAS). Unlike piezo-polymer sensors, the PWAS endure the drawback of brittleness and very low flexibility. Thus, they are not suitable for applications involving curved and complex geometries. Recent research has solved such problems by the development of piezo thin film sensors [14] [15] [16] [17] and piezoceramic coatings 18 for ultrasonic applications. Piezoceramic coating are more reliable and sensitive since they are directly fabricated on the structure and do not have any limitations due to bonding. *e-mail: droymahapatra@aero.iisc.ernet.in; phone +91-80-22932419; fax +91-80-23600134; www.aero.iisc.ernet.in Since the piezoceramic coating is thin, it can be easily shaped and patterned (with printed electrodes), it is ideally suited for sensing of structural vibration 14 . The efficiency of the thin films in sensing mode-I and mode-II cracks in host structure is demonstrated theoretically using quasi three dimensional model of piezoelectric thin films 15, 16 . Piezoelectric thin films were used as crack sensors by correlating the growth of crack with voltage distribution and magnitude of voltage developed on the film 17 . Utilizing these properties, piezoelectric thin films were embedded in composites and are successfully tested for acoustic emission sensing in composite 18 proving its effectiveness as AE sensor for structural health monitoring. It is therefore worthwhile to explore possibilities of using large area piezoceramic coating for structural health monitoring applications.
Primarily, a large area of electrode on such film could add up to higher output voltage. On the other hand, pulse width modulation of ultrasonic signals sensed by a suitably large area film with IDT electrodes is possible which could also be tuned to be sensitive to particular modes of ultrasonic waves (e.g., Lamb waves in plate) at a given frequency. Tuning ability is also provided by certain arrangements of IDTs, but are expensive to fabricate and requires adhesive to bond them to the structure. A historical account of the development of Rayleigh-wave, or surface acoustic wave (SAW) type of surface mounted devices is given in Ref 19 for applications in electronics. Inter digital transducers made from piezoelectric PVDF polymer were made to transmit ultrasonic Lamb waves into 1-2 mm thick steel and aluminium plates and receive signals reflected from features in the structure 20 . Straight and curved finger IDTs were studied for shape of the acoustic field, transducer sensitivity and modal selectivity and had certain limitation due to the electrodes on both sides and bonding layer between the transducer and the structure. Development of a thin transducer using a comb-like array of piezoelectric elements was investigated for tuning with frequency and mode selection 21 . A technique of permanently attaching piezoceramic transducer arrays or IDT to structural surfaces was demonstrated along with a method to show the ability of single wave mode selection and isolation 22 . Wave profiles within the piezoelectric substrate were calculated by summation of the partial waves. However, the IDTs discussed so far in Refs [19] [20] [21] [22] have the limitations of the bonding layer and the effect of the presence of electrodes between one surface of the piezoelectric material and the adhesive. Other type of IDTs used currently have both electrodes on one surface of the piezoelectric substrate where the other surface is bonded or adhered to the structure like the piezoceramic coatings, and these type of IDTs are free form the bonding issues and interference of the electrode on the performance. Analytical study of such IDTs is done by developing an equivalent, single-layer model for Lamb wave generation by IDT on composite host structures to obtain new designs in material systems and geometry that avoid mode-mixing, or to introduce it by choice 23 . A mathematical model of the SH wave propagation in the piezoelectric coupled plate by use of IDT was developed and the dispersion characteristics and the mode shapes of the wave propagation in such structure were presented 24 . This work was extended in developing an analytical model for the wave excitation by IDT with both infinite and finite length that provided an analytical solution for the wave excitation by IDT in a metal substrate surface bonded by a piezoelectric layer 25 . Analysis was carried out for predicting the generation of elastic waves in multi-layered piezoelectric materials, when these waves are generated using IDTs 26 . A set of finite elements (FEs) were formulated to analyze wave propagation through functionally graded materials (FGM) when subjected to mechanical, thermal loading or piezoelectric actuation 27 . A surface acoustic wave (SAW) device was also modeled and wave propagation due to piezo-electric actuation from IDTs was studied. Excitation of elastic waves in a piezoelectric solid by an IDT, in terms of a simplified model, has been analyzed in Ref 28 . Apart from theoretical studies very few studies are reported that demonstrates the actual performance of the piezoelectric substrates with IDT electrodes experimentally. One such work is done by Monkhouse et al where inter digital PVDF transducers were designed and developed to excite a particular Lamb mode in the structure 29 . Studies have not been done so far on the ultrasonic performance of piezoceramic coatings subjected to the dynamic strain induced by the guided waves. Also there is no literature available on the characterization of such IDTs where piezoelectric properties such as piezoelectric coefficients are determined. Ultrasonic performance of the large area piezoceramic coating with IDT electrodes and the determination of its piezoelectric property called piezoelectric coefficient is presented in this paper.
The above mentioned applications in Refs 3-29 make the use of several piezoelectric properties when used as transducer or as a sensor. Characterization of piezoelectric material is needed to determine the piezoelectric properties suited for ultrasonic applications. Piezoelectric thin films have been characterized for many of its piezoelectric properties depending upon their applications. An analytical study of the constrained thin film sensor was done by Ali et al. 30 for their applications in MEMS and their integration in composites. Piezoelectric properties of PZT thin films were investigated by pneumatic loading method for their applications in piezoelectric micro devices 31 . Aluminium nitride thin films were grown by magnetron sputtering technique and characterized for their effective value of PZT thin films prepared using sol gel technique using normal load method. Scanning electron microscopy was used to measure the 33 d piezoelectric coefficient of PZT films prepared using sol-gel process 34 . Young's modulus and the electromechanical coupling constants were investigated along with the pyroelectric properties for the piezoelectric thin films of zinc oxide and ferroelectric family 35 . High frequency response of the planar piezo film elements along with the effect of substrate on the performance for actuation was studied by Brown 36 . Piezo-mechanical characteristics such as 31 d property of PZT thick films prepared using screen printing technique was studied using dynamic, quasi-static and a nanoindentation test 37 . Piezoelectric paint sensors were designed by Payoa and Haleb 38 for structural vibration monitoring applications to overcome the limitations of piezoelectric ceramic transducers which are hard, brittle and cannot be adapted to curved substrate surfaces. Piezoelectric properties are estimated not only at static and quasi-static cases but also for dynamic cases. The 31 d piezoelectric coefficient was estimated for these piezo paint sensors 39 to suit the dynamic applications over a range of 0-500 Hz. An experimental determination of piezoelectric coefficient 31 d of thin films using quasi-static analysis together with the analytical study of the sensitivity for dynamic strains was reported in ref. 40 . Rathod et al reported the estimation of piezoelectric coefficient 31 e of PVDF films at ultrasonic frequency range using the technique of guided waves 41 . Degradation of the piezoelectric properties at elevated temperature was also discussed. Techniques to determine , for the application of piezoelectric PVDF polymer films as tactile sensors in robotics applications. In the literature published so far, the piezoelectric films are used as vibration and load sensor. We present a technique where piezoelectric films/coatings with IDT electrodes can be effectively characterized for their use as a guided wave sensor with tunable properties at certain frequency range. These guided waves are ultrasonic waves propagating in plate like structures and are important and useful in structural health monitoring (SHM).
In the present study, piezoceramic coatings with IDT electrodes are fabricated on an aluminium alloy beam and characterized for dynamic strain sensing properties including ultrasonic range of frequencies. To study the dynamic strain sensing up to ultrasonic range of frequencies, we introduce guided waves in a beam type structure with piezoceramic coatings fabricated on top of it. Effect of the number of IDT electrodes on the sensitivity to dynamic strains at ultrasonic range of frequencies is studied. Performance at varying magnitude of dynamic strain is studied for varying number of IDT electrodes. A guided wave technique to estimate the piezoelectric coefficient 
MATERIALS AND METHODS
PZT wafers have been used to generate and detect guided waves (e.g., Lamb waves) for structural health monitoring. Usually the PZT wafers are bonded on the surface of the structure. Common limitations of using the bonded piezo wafers are (1) requirement of adhesive layer (2) transduction losses due to the adhesive layer (3) unsuited for curved surfaces (4) occasional occurrences of "kissing bonds" (5) durability and reliability issues as adhesive layer deteriorates. These disadvantages of the bonded piezo technology address the need of insitu coating of piezoceramic layer over the structural materials by developing a special approach to optimize the integration strategy. Here in the next paragraph the details of experimental procedure for developing in situ coating will be discussed.
Piezoelectric in situ coating was made on an Aluminium beam as shown in Fig. 1 (a) by spray coating of piezoelectric slurry. The dimensions of the beam specimen and the placement of piezoceramic coating and piezo wafer transducers are shown in Fig. 1 (b) . To prepare the slurry the required Lead Lanthanum Zirconate Titanate (PLZT) powder was prepared by sol gel method as reported 43 . In this method lead acetate trihydrate, Zirconium n-propoxide, Titanium iso-propoxide and Ethylene glycol were used as starting materials. The prepared gel was dried in an oven at 120 o C for 24 hrs. The baked ceramic cake was pestled into powder and calcined at 900 o C for 6 hrs. The processed PZT powder was ball milled for 1 hr to get micron sized powder. Using micro sieves the milled powder was meshed to get fine particle (100 µm). Piezoceramic slurry was prepared by dispersing this as prepared powder in organic medium (70 % Xylene, 30 % ethanol) with 50 wt % solid loading. To get well dispersed homogeneous slurry, ball milling was performed for 3 hours at 250 rpm using Zirconia vial and ball. Then the polymeric binder was added to the slurry. The water based polymer 
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Piezoceramic Coating Inter Digital Electrodes t binder was pre-dissolved in appropriate amount of distilled water at room temperature. The polymer binder initially swells in water because of high molecular weight. For complete dissolution of the binder, the solution was heated at 100 0 C for solvent-solute interaction. The weight ratio of PLZT powder and binder was optimized for a particular solid loading, based on the viscosity and pH value of the slurry composition. This ready to use slurry was spray coated on Aluminium beam. Prior to the coating the Aluminium beam was surface treated. A pilot spray gun (TYPE 59) was used for smooth spraying with the optimum pressure controlled by the compressor pressure outlet. By multiple layers coating, thickness of the coated film can be improved for few hundred meters. After each layer coating, the film was dried at 120 o C. The coating was spot heated for partial removal of the polymeric binder using a hand held heat gun by maintaining the substrate temperature close to 100 o C. The temperature and time for heat treatment was optimized to achieve maximum density for a particular solid loading without affecting the adherence of the coating to the substrate. Required time of heating depends on the thickness of the coating c t which is 0.1 mm. For IDT electrodes, the physical mask was first prepared as per design geometry. IDT electrode arrangement is like a comb where the fingers in the electrodes of opposite polarity are arranged by placing them adjacent to each other. Many types of finger shapes have been reported in literature, straight circular and semi-circular. IDT electrodes considered in present study have straight finger electrodes as shown in Fig. 1(c) . The aluminium electrode was deposited on the piezo coating placing a mask on the film and by applying vacuum evaporation method under a vacuum of 10-6 torr. The aluminium used for the deposition was 99 % pure. The voltage applied for the evaporation was 30 V for 2 mins. The poling was done for 15 mins at 120 o C by applying 800 V. Distance between each alternate finger of same polarity e d is kept at 4 mm as shown in Fig. 1(c) . Width of each finger e t is kept at 1 mm. The length of intersection of fingers with opposite polarity e L is kept at 12 mm. Poling induces the dipoles to be aligned in the direction along x-axis when the voltage is applied across the alternate electrodes. The polarity can be assumed to be along x-direction. Thus, the direction of the mode of operation and the electric field is same. When a strain is induced on such sensor, the voltage generated has direction shown in Fig. 1(d) . Thus the piezoelectric coefficient that relates the strain to the generated voltage is 11 e .
Piezoceramic coating is fabricated on the beam sample to characterize it using guided wave propagation technique for the ultrasonic applications. Beam sample is selected for simplicity so that analytically the problem can be formulated to determine the piezoelectric coefficient 11 e . Piezo wafer A is bonded to launch the guided wave in the beam sample at one end and voltage signal response is measured from the piezoceramic coating S2. To ascertain the repeatability in the preparation procedure and measurements, entire arrangement is reversed by bonding a PZT wafer A at another end of the beam and measuring response from piezoceramic coating S1. To study the variation in the performance of piezoceramic coating with varying number of IDT electrodes, the positive electrode connecting the positive IDT electrodes is split in separate sets comprising four electrodes each. The actuation signal generation and the sensor signal acquisitions are performed using a portable NI PCIe-6115 multifunctional DAQ system operated through a computer running a LabVIEW program. The sensitivity of the piezoceramic coating for the ultrasonic guided wave is discussed next.
SENSITIVITY OF PIEZOCERAMIC COATINGS WITH IDT ELECTRODES TO ULTRASONIC GUIDED WAVES
Lamb waves are the type of guided waves in doubly bounded media like plate type structure and have important applications in Non-Destructive Testing (NDT) and Structural Health Monitoring (SHM). For plate structures of few millimeter thickness, which is most common in engineering systems, these Lamb waves have useful properties like widely separated dispersion characteristics, less attenuation etc in the frequency range of 10-300 kHz. These waves produce dynamic strains of very small magnitude which can be sensed by very sensitive materials like PZT, PVDF and other piezoelectric materials, and optical couplers among others. The dynamic strain sensitivity of the piezoceramic coatings developed here is evaluated by analyzing its response to the incident Lamb waves. The Lamb waves at suitably chosen frequencies are very less dispersive and can propagate very long distances without attenuation. These frequencies are chosen with the help of numerically computed dispersion curves of velocity vs. thickness-frequency. There are two types of modes of Lamb waves: symmetric and anti-symmetric which are also referred to as axial and flexural wave modes respectively.
The group velocity for Lamb waves is predicted by using Rayleigh-Lamb formulae. These formulae are obtained by considering the plate as traction-free and the condition of plane strain from the 3-D elasticity equations. The RayleighLamb formulae are obtained from the governing partial differential equations for displacement using the solution by method of potentials [32] . Since the Rayleigh-Lamb formulae are obtained from 3-D elasticity, the solution is exact and the group velocity estimated is highly accurate irrespective of frequency. The Rayleigh-Lamb formulae for symmetric Lamb wave modes (axial mode) is given by
For anti-symmetric Lamb wave modes (flexural mode), it is written as ph 4k
where h is the plate thickness, k is the wavenumber and it is given by
The quantities p and q in Eqs. (35) and (36) are obtained as
where L C is the longitudinal ultrasonic bulk wave velocity, T C is the shear wave velocity. The phase velocity p C is given by
Numerical solution to these equations is obtained by initially selecting a frequency-thickness product and iterating on phase velocity p C to satisfy Eqs. (35) and (36) . This is done by Newton-Raphson method and the roots are found for each individual values of ωh product. In this way the dispersion curves is constructed. The group velocity g C is computed from phase velocity as
Wave modes are identified in the voltage response of the sensors signals experimentally by estimating the time of flight f t of various modes estimated from the expression of group speed given by above Eq. (4) as
, where p L is the distance between sensor and the actuator. The theoretical group speeds of the fundamental symmetric (S0) and antisymmetric (A0) wave modes as estimated by Eq. (6) are shown in Fig. 2(a) . Group speed of S0 wave mode is higher than the A0 wave mode. The sensitivity of the surface bonded sensors depends on the wavelength of the wave which can be estimated from Eq. (5). Variation of wavelength of the guided wave with frequency is shown in Fig. 2(b) . Wavelength of S0 wave mode is higher than the S0 wave mode. The wavelength tends to decrease with increasing frequency for both S0 and A0 wave modes. In the experiments, an portable NI PCIe-6115 multifunctional DAQ system operated through a computer running a LabVIEW program is used to excite the PZT wafer actuator and measure the response form the piezoceramic coating with IDT electrodes. In present experiments the size of the PZT wafer used as actuator and another PZT wafer S3 used as sensor for reference signal are 20 mm square wafers with a thickness of 1 mm. A tone-burst signal with known frequency content and amplitude of 10 V is sent to the PZT wafer actuator to generate the guided wave in the beam.
For such an excitation at frequency of 100 kHz, the voltage response from the piezoceramic coating and PZT wafer bonded at the root of cantilever is superposed and shown in Fig. 3 . Two different piezoceramic coatings with 8 and 12 IDT electrodes are considered for the comparison of response with PZT wafer. The response from sensors shows the presence of the two propagating wave modes identified based upon their group speeds. The amplitude of the voltage response from PZT wafer is scaled down 400 times to match with the amplitude of the voltage response from piezoceramic coating in Fig. 3(a) . Waveforms of the signal from the piezoceramic coating with 12 IDT electrodes matches closely with the waveform of the response from the PZT wafer. Whereas waveforms of the signal from the piezoceramic coating with 8 IDT electrodes differ significantly from the waveform of the response from the PZT wafer. Piezoceramic coating with 8 IDT electrodes is 15 mm along the direction of wave propagation which is smaller than the size of PZT wafer of size 20 mm. The difference in the size can be attributed to the different waveforms of signals from the piezoceramic coating and the PZT wafer. Sensitivity of the piezoceramic coating with 8 IDT electrodes is lower than 12 IDT electrodes. However at higher frequencies, sensitivity of the piezoceramic coating with 8 IDT electrodes is higher than 12 IDT electrodes as shown in Fig. 3(b) . Thus the sensitivity of the piezoceramic coatings with IDT electrodes depends on the size and frequency of the waves. To study the sensitivity of the piezoceramic coatings at different frequencies of actuation, we consider the variation of peak voltage of the S0 and A0 wave packets. The sensitivity of piezoceramic coating with 16 IDT electrodes in terms of peak voltage rises to a maximum at 100 kHz and decreases thereafter as shown in Fig. 4(a) . The similar sensitivity with frequency is observed for the PZT wafer. Above 200 kHz the peak voltage of the coating tends to zero in contrast to the peak voltage of PZT wafer which is seen to increase above 180 kHz. The highest sensitivity of the piezoceramic coatings with lesser number of IDT electrodes 12 and 14 is found to be at 140 kHz and 120 kHz respectively. The highest sensitivity shifts to higher frequencies as the number of connected IDT electrodes are decreased. At lower frequencies below 80 kHz, increasing the number of IDT electrodes increases the sensitivity, but at higher frequencies increasing the number of IDT electrodes decreases the performance. This behavior is seen in also the A0 wave mode as seen in Fig.  4(b) . Thus in the cases of both S0 and A0 wave modes, the piezoceramic coatings are not responsive above certain frequencies which depend upon their size along the direction of wave propagation. By altering the number of IDT electrodes connected to the DAQ the maximum performance of the piezoceramic coating can be shifted to other frequencies. This ability gives the piezoceramic coating with IDT electrodes to tune itself for other adjacent frequency in a certain band. In Fig. 4 , one can observe that the effective band of frequency of the piezoceramic coating. Voltage generated in the piezoceramic coating is proportional to the effective strain which is directly induced on it. Depending on whether the incident wave is in compression or tension, at any coordinate on piezoceramic coating, negative or positive voltage is developed. Therefore at any coordinate of the piezoceramic coating, the strain depends on the frequency f 2π = ω . For best results, the ratio of the size of piezoceramic coating and the incident wavelength should be less than 0.5 in the sense of diffraction limit. This ensures that less than half of the cycle is incident on the coating. If this ratio is greater than 0.5, then the voltage developed is the resultant voltage with possible cancellation of compressive and tensile strain parts. If the ratio is equal to 1 then the voltage developed is ideally zero for the particular mode due to exact cancellation of the compressive and tensile parts. This is including the fact that IDT electrodes are spaced at same distance and are continuously laid. Another possibility of amplifying the signal is by connecting the IDT electrodes in discontinuous manner, such that sets of electrodes covering a size of half of wave length with a spacing of half of wavelength are connected to DAQ. This type of arrangement adds to the voltage output proportional to the number of such sets connected to the DAQ, but adds to the size of the coating making it susceptible to the exposure of other wave packets. Thus the size of the coating plays important role in dynamic strain sensing of required frequency content. Higher frequencies have shorter wavelength and leave possibility of being undetected. The drop in response of piezoceramic coatings with large size at higher frequencies is due to decrease in the wave length of the wave modes with increasing frequency as seen in Fig. 4 . Using wavelength The incident wave energy can be altered by changing the peak voltage ( A V ) applied to the PZT actuator. Increasing incident wave energy increases the displacement of the Lamb wave and thus the strain incident on the piezoceramic coating. Increasing the voltage for given frequency results in increased magnitude of dynamic strain induced on the sensors. The sensitivity of piezoceramic coatings to these energy levels can be studied by plotting the peak voltage A V applied to the actuator versus peak voltage developed across the piezoceramic coating electrodes. At frequency of 100 kHz and 140 kHz, both PZT wafer and piezoceramic coatings show a linear variation in sensor voltage as shown in Fig.  5 for both S0 and A0 wave modes. The linear variation is found in the response of the piezoceramic coating when 8, 12 and 16 numbers of IDT electrodes are connected to the DAQ. This type of behavior is also observed in PVDF thin films [40] . The monotonic sensitivity of thin piezoceramic coating sensor is an advantage, particularly in applications of SHM, where growth of a defect is monitored by sensing the energy transmitted or reflected by it. Thus, the piezoceramic coatings developed here are good candidates in sensing large as well as small strains. 
ESTIMATION OF PIEZOELECTRIC COEFFECIENT USING GUIDED WAVE TECHNIQUE.
Ultrasonic guided waves are often used in Non Destructive Evaluation (NDE) of many structures. Thus the piezoelectric materials developed to sense or excite such guided waves needs to be first characterized for their operation at ultrasonic range. There are many piezoelectric properties that describe the ultrasonic performance of piezoelectric materials depending upon their mode of operation. 33 e and 33 d are the piezoelectric properties related to the operation of sensor and transducer in the thickness mode or in the direction of applied electric field. These two properties are used when the dimension of the sensor or actuator in the direction of applied field is greater than inplane dimension. The transducer used to sense the out of plane motion has greater thickness and is often noticeable on the structure. These transducers are limited for the use in structures where there are no space constraints and the size of the transducer does not interfere with the performance of the structure. The frequently used 31 e and 31 d are the piezoelectric properties related to the operation of sensor and transducers respectively in the inplane mode, perpendicular to the applied electric field. These two properties are used where the dimension of the sensor or actuator in the direction of applied field is smaller than inplane dimension. These transducers are thin and do not interfere with the performance of the structure. Since the applied strain is in direction 1 and the electric field acts in direction 3, this type of transducer has two planar electrodes in 23 plane. One electrode is always bonded to the structure and poses difficulty in wiring and electroding process. It also affects the performance as explained in Ref 20 . This problem is solved by IDT electrodes which also has advantages of tuning with frequency. Piezoceramic coatings with IDT electrodes can have both positive and negative electrodes on same surface as shown in Fig. (1) . In this type of arrangement where electrodes are on same sides and where the coating is thin, the electric field and mode of operation is in the same direction. Thus the piezoelectric coefficient 11 e relates the operation of the transducer in the in-plane mode along x-axis, with the electric field also along x-axis. In present work it is assumed that the coating is very thin such that the entire thickness is poled. This is ensured by the thickness of the coating c t satisfying the criteria c c b t < , where c b is the width of the coating between alternate positive and negative electrodes. In case where the thickness of coating is very high, the poling may decrease along the thickness and may require higher poling voltage to gain the effectiveness.
As explained in section 1, conventional methods to measure the piezoelectric properties require complex arrangements needed to excite and measure the voltage output from the piezoelectric transducers. Also in most of these experiments, there is no control over the frequency of external force. In present study, we employ a novel guided wave technique to measure the piezoelectric coefficients using the voltage signals obtained from the piezoceramic coatings. A wide coverage of guided wave models are presented in Ref 45 . Due to the absence of higher-order wave modes at lower frequencies, only a first few terms or a single term in Taylor series is sufficient to reasonably approximate the wave field solution 46 . We solve the axial wave propagation problem (involving only S0 wave mode) in the beam by 1-D wave propagation model governed by the differential equation which is given by ( )
where A is the cross sectional area, ρ is the density of the material, E is the Young's modulus of the material, x is the axial coordinate of the beam, u is the axial displacement in the beam and t is the time as shown in Fig. 7(a) . We use spectral method to obtain the solution to the above partial differential equation which suits high frequency wave propagation problems. The spectral representation of the solution is given by
where n ω is the discrete frequency. On substitution in Eq. (7) we get the roots of above equation as
The complete solution can be taken as 
where 1 A and 2 A are the coefficients to be determined from force or displacement boundary conditions. The strain evaluated by differentiating above Eq. (9) ( 1 0 ) The wave launched from one end of the beam using PZT wafer reaches another end where the piezoceramic coating is fabricated and gets reflected back as shown in Fig. 6(a) . Since the beam is free at ( 1 1 ) The constant 2 A can be evaluated by computing the strain in the beam at the location of PZT wafer S3 bonded on the lower surface of the beam. The strain is computed using the voltage history obtained from PZT wafer S3 of known properties. Using the constitutive relation, the stress xx σ ) in the piezoelectric material in terms of PZT wafer voltage p V is given by C are the stiffness constants of PZT wafer and the beam evaluated from expressions given by
where 
Similarly the induced strain in the piezoceramic coating across any alternate finger electrodes 
Cumulative voltage developed across such sensor with IDT electrodes c V ) can be derived by summing up the contribution of voltage due to each electrode in Eq. (17) 
where E is the total number of positive and negative finger electrodes, and V respectively. The piezoceramic sensor is considered as a source in series with an equivalent capacitance (due to piezoceramic film or PZT wafer and the DAQ) and the DAQ resistance which is assumed to be a first-order electrical system as shown in Fig. 6(b) 
Piezoelectric coefficient e of piezoceramic coating at different strain levels is shown in Fig. 7(b) . The average value of piezoelectric coefficient c 31 e is first estimated over different strain levels and subsequently over the three cases with different number of connected IDT electrodes which is found to be 3.6717 C/m 2 . It can be noted that the average value of the piezoelectric coefficient estimated over different frequencies and over different strain levels is found to be same. Thus the guided wave technique presented in this paper is found to be effective technique to estimate the piezoelectric coefficient. This method can also be used to estimate the poiezoelectric coefficient of different materials such as PVDF and PZT with IDT electrodes. The piezoceramic coatings with IDT electrodes can be implemented successfully in SHM of plate structures in place of PZT wafers. Due to their small thickness, low cost and weight they offer best substitute for the PZT wafers. For large strain sensing applications, piezoceramic coatings may prove promising where as PZT wafer sensor may give rise to debonding and cracking issues due to its relative high stiffness and thickness. Also, handling and reliability of ultra-thin PZT of comparable thickness is difficult whereas the piezoceramic coatings which are fabricated directly on the structure prove to be reliable with easy handling properties. Overall the present work establishes the method to characterize the coating with IDT electrodes for ultrasonic guided wave sensing and to estimate its appropriate piezoelectric property. 
CONCLUSIONS
Piezoceramic coatings with IDT electrodes are prepared using slurry coating method and a masking technique. These piezoceramic coatings with IDT electrodes are characterized for dynamic strain sensing properties at ultrasonic range of frequencies. The characterization is done at three stages. Firstly, the effect of the number of IDT electrodes on the sensitivity to dynamic strains at ultrasonic range of frequencies is studied. These sensitivity studies reveal the tunable property that can be achieved by altering the number of IDT electrodes. Secondly, performance at varying magnitude of dynamic strain is studied for varying number of IDT electrodes. A linear response with varying magnitude of dynamic strain is observed which is desirable for an ideal sensor. Lastly, the piezoelectric coefficient is estimated at various frequencies that characterizes the sensor over a wider frequency band at ultrasonic range. Piezoceramic coatings with IDT electrodes developed in the present work along with the characterization procedure provide an excellent solution for the ultrasonic transducers required for SHM and various other ultrasonic applications. Present investigation provides a methodology to use the piezoceramic coating in structural health monitoring that requires a wide frequency range of operation.
